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OPCPA and present the current state-of-the art performance level for several systems reported in the literature.
To date, the performance of these systems is most generally limited by the employed pump laser. Thus, we
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1 Introduction
Ultrafast laser amplification was revolutionized in 1985
when chirped-pulse amplification (CPA) was introduced.1

In CPA, the low-energy sub-1-ps pulses from an ultrafast
oscillator are stretched in time to several hundred picosec-
onds or few nanoseconds. The energy of these pulses is
increased in consecutive amplifier stages to the millijoule-
(mJ) or even joule-level, while the peak power remains
below the threshold of optical damage and pulse distortion
in the amplifiers. After amplification, these pulses are recom-
pressed to almost the original pulse duration, allowing to
obtain ultrafast pulses with terawatt (TW) peak powers.2

Countless major and minor improvements on Ti:sapphire-
based CPA have been reported over the last three decades.
To date, table-top, high-peak-power systems exceeding
100 TW operate in laboratories around the world and
are commercially available. As a result, Ti:sapphire-based
CPA systems are currently the dominant driving lasers for
ultrafast, high-intensity experiments.

Further increases in performance have been challenging
due to two effects. First, the amplification bandwidth of
Ti:sapphire systems is limited to ∼75 nm (FWHM) centered
at 800 nm, and gain narrowing associated with amplification
over several orders of magnitude further narrows the obtain-
able bandwidth. Thus, this effect must be compensated for in
order to obtain sub-35-fs pulse duration from TW-scale sys-
tems. Spectral filtering techniques can be employed to enable
compressed pulse durations as short as 15 to 30 fs depending
on the level of amplification.3 On the other hand, nonlinear

propagation methods can be utilized to convert a portion of
the output of these CPA systems to durations in the few-cycle
pulse regime. Such schemes, including spectral broadening
in hollow-core fibers4–6 and filamentation-based self-com-
pression,7–9 have been employed to shorten the pulses to
quasi-single-cycle duration with up to several mJ-level pulse
energies resulting in peak powers at the 1 TW-level. The sec-
ond limiting effect in Ti:sapphire CPA systems prohibits
the output average power to be scaled beyond 30 to 40 W
with cryogenically cooled amplifier stages.10 Compensation
of thermal effects and beam distortions become increasingly
challenging at this performance level. High repetition rate
systems have been presented operating with high average
power, such as a system providing 26 W compressed with
duration of >50 fs.11

Extending the concept of CPA, the method optical para-
metric chirped-pulse amplification (OPCPA) was first pre-
sented in 1992.12 Similar to CPA, an ultrashort pulse is
first stretched in time, amplified, and recompressed. In con-
trast to CPA, in which amplification is based on stimulated
emission, OPCPA transfers energy from a pump beam to
a seed beam in an optical parametric amplifier (OPA).
The amplification bandwidth can span almost one octave
supporting sub-10-fs pulse durations in the visible spectrum.
These pulses are referred to as optical few-cycle pulses since
their durations approach the duration of an optical cycle
(2.66 fs at 800 nm wavelength). In contrast to traditional
amplification via stimulated emission in pumped laser crys-
tals, no energy is directly stored during the amplification
process in the nonlinear material due to the instantaneous
nature of the OPA process, thereby mitigating typical thermal
effects and beam distortions, thereby facilitating power and*Address all correspondence to: Andreas Vaupel, E-mail: vaupel@creol.ucf.edu
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energy scaling of the OPA systems. The pulses from table-
top OPCPA systems have been compressed to the few-cycle
regime, with the nominal current record durations of 5.0 fs
(1.7 cycles) at 0.88 μm,13 10.5 fs (1.5 cycles) at 2.1 μm,14

67 fs (6.3 cycles) at 3.2 μm,15 and 83 fs (6.4 cycles) at
3.9 μm.16 As will be discussed later, table-top OPCPA sys-
tems are primarily limited in terms of pulse energy and
average power by the employed pump laser; however,
onset of parasitic effects have been reported and will be
discussed in Sec. 2.4. The records in terms of peak power
[16 TW (Ref. 17)] and average power [22 W (Ref. 13)]
indicate that the OPCPA method has matured to a perfor-
mance level comparable to Ti:sapphire-based CPA systems,
with the advantage of shorter pulse durations and wavelength
tunability from the visible to mid-IR range.

Here, we give a detailed review of the current performance
level and the prospects of table-top, few-cycle OPCPA
systems based upon recent developments in table-top,
high-energy, high-average-power picosecond laser systems.
References 18, 19, and 20 provide excellent overviews on
the traditional OPCPA architecture, while the OPA process
itself has been reviewed comprehensively in Ref. 21, and
essential parameters based on simulations for visible OPCPA
based upon beta barium borate (β-BaB2O4; commonly
referred to as BBO) crystals are presented in Ref. 22.
Since the focus in this article is on the recent developments
in table-top, few-cycle OPCPA, we intentionally disregard
large-scale, petawatt- (PW) level OPCPA laser systems. A
few example articles for further reading on PW-scale
OPCPA systems include a prospective view in Ref. 23
and a presentation of a full system providing 300 TW in
Ref. 24, while Refs. 25, 26, and 27 describe relevant PW-
level OPCPA designs.

2 Table-Top, Few-Cycle OPCPA Systems
Several relevant concepts and trends in OPCPA are reviewed
in the following sections, starting with an overview on the
early pioneering work toward the generation of few-cycle
pulses via OPA and OPCPA. The second section introduces
the advantages, challenges, and limitations of few-cycle
OPCPA, followed by a section highlighting the record per-
formance levels demonstrated to date. The section concludes
with a detailed discussion of the performance of representa-
tive OPCPA systems and their pump lasers.

2.1 Pioneering Few-Cycle Optical Parametric
Amplification

The OPCPA method was first presented in 1992 by Dubietis
et al. with a system incorporating a stretcher, an OPA stage,
and a compressor, resulting in energetic 70-fs pulses.12 This
development was followed rapidly with ground-breaking
investigations toward the generation of intense few-cycle
pulses. The pioneering work of Gale et al. in 1995 resulted
in the presentation of the shortest pulse duration from a laser
oscillator at this time with 13 fs and nanojoule-level pulse
energy.28 The authors also demonstrated the tunability of
the sub-20-fs pulses from the megahertz optical parametric
oscillator over a range from 590 to 666 nm center wave-
length (see also Ref. 29). Hereafter, several groups investi-
gated few-cycle OPA systems based upon BBO pumped by
Ti:sapphire CPA systems enabling the generation of intense
sub-10-fs pulses with wide tunability. In 1998, Nisoli et al.

employed two OPA stages in collinear configuration to
generate 10-μJ-level pulses with 14.5 fs in the near-IR
(center wavelength of 1.5 μm),30 and Cerullo et al. used a
noncollinear configuration to generate visible sub-8-fs pulses
with 2 μJ energy and bandwidth ranging from 510 to
800 nm.31 In the same period, Wilhelm et al.32 in 1997
and Riedle et al.33 in 2000 reported 10-μJ-level, sub-20-fs
pulses tunable from 470 to 750 nm and 870 to 1500 nm,
respectively. Shirakawa et al. reported in 1998 on a compact
noncollinear optical parametric amplification (NOPA)
system amplifying pulses with 5 μJ pulse energy and 6.2 fs
duration at 630 nm or 8.4 fs at 1.1 μm, respectively,34 and
Kobayashi and Shirakawa presented in 2000 sub-5-fs
pulses.35 Further improvements on the latter system by
Baltuška et al. in 2002 including an ultrashort, white-light,
seed pulse and an adaptive pulse compressor enabled the
generation of sub-4-fs pulses with 0.5 μJ pulse energy.36

Since most of these pioneering few-cycle OPA implemen-
tations were driven by Ti:sapphire-based CPA systems
with mJ-level pulse energy and kilohertz repetition rate, the
generated few-cycle pulses were limited to the 100 μJ and
0.1 W average power-level. However, the impressive results
in the late 1990s demonstrated the potential of energetic
few-cycle pulses from OPA (Ref. 21) and lead to the devel-
opment of few-cycle OPCPA systems driven by a variety of
laser technologies, as shown in Sec. 2.6.

2.2 Optical Parametric Chirped-Pulse Amplification

NOPA is capable of supporting the amplification of an
almost-octave spanning bandwidth. Several parameters are
critical in this process: nonlinear medium, phase-matching
conditions, input angle, wavelengths, crystal thickness, and
pump intensity. A schematic of the geometry is shown in
Fig. 1(a) and a photograph of a laboratory implementation
is shown in Fig. 1(b).

The most-commonly used OPCPA architecture for few-
cycle pulses in the visible is based on BBO as nonlinear
material. This approach has been used to generate the current
record performances in terms of peak power and average
power. Here, the pump wavelength ranges typically from
343 to 532 nm, depending on the pump lasers. The typical
amplification bandwidth ranges from <725 to >1050 nm
when pumped at 532 nm wavelength and 3 to 5 mm crystal
lengths are employed.37 This bandwidth supports a trans-
form-limited duration of <8 fs or less than three optical
cycles.38 Additionally, octave-spanning bandwidth to sup-
port quasi-single-cycle pulses can be obtained by pumping
consecutive OPA stages with different wavelengths. This is
most easily done with different harmonics of the fundamen-
tal pump laser, i.e., 532 and 355 nm for Nd:YAG-based
pumps or 515 and 343 nm for Yb-based pumps. This con-
cept was introduced in 2010 with mJ-level pulses39 and
experimentally verified in a different setup in 2012 with
microjoule-level pulse energies and compressed to 4.6-fs
duration.40

The key parameters determining the parametric gain are
the used pump intensity and the length of the crystal.
Figure 2(a) shows example calculations for the parametric
gain following the assumptions in Ref. 21 for BBO as non-
linear material. Pump intensities from 10 to 100 GW∕cm2

and crystal lengths from 1 to 5 mm are presented. It can
be seen that a large parametric gain in excess of 106 can
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be obtained in these configurations. Experimentally, high
parametric gains of 103 (Ref. 17), 104 (Ref. 41), or even
106 (Ref. 42) are typically employed in the first OPA
stage of OPCPA systems, while a parametric gain of up
to 108 has been experimentally demonstrated from a femto-
second OPA stage.43 Figure 2(b) shows the scaled damage
threshold in BBO based on the empirical squared root scal-
ing law of the damage threshold with pulse duration44 and
values found in the literature.45,46 It can be seen that sub-
100-ps pulses are necessary to avoid damage and enable
pump intensities of 10 GW∕cm2 and above.

On the other hand, it is well known that employing a
shorter crystal has the benefit to relax requirements on the
wave-vector mismatch for the OPA process. BBO crystals
of several lengths have been utilized in the literature: for
example, a single 1-mm-long BBO crystal for the amplifica-
tion of sub-4-fs pulses36 and two 2-mm-long crystals for the
amplification of 5.0-fs pulses to 87-μJ pulse energy.41 A
combination of a 3-mm- and a 5-mm-long crystal has
been used to amplify 5.7-fs pulses to 3-μJ pulse energy47

and two 5-mm-long crystals to amplify 7.9-fs pulses to
130-mJ pulse energy.17 In general, shorter crystals enable
a wider phase-matching bandwidth and allow OPA stages
to support almost-octave spanning bandwidths. In order to
obtain the same gain from shorter crystals, higher pump
intensities must be employed. A trend from reported
OPCPA systems can be found in the utilization of short pico-
second pump pulses, enabled by the recent developments in

Yb-based CPA laser technology providing high-energy,
high-average-power pumps with 0.5- to 1-ps duration.

The energy transfer efficiency in OPCPA from pump to
signal pulse is typically on the order of 10 to 15% and de-
pendent on the amplified bandwidth. Generating the record
table-top, few-cycle OPCPA pulse energy of 130 mJ required
a pump pulse energy of 1.0 J at 532 nm wavelength,17 and the
record average power of 22 W required a pump laser with
120 W average power at 515 nm wavelength.13 For
OPCPA at 2.1 μm center wavelength, the current record effi-
ciency is 6.7% with an amplified pulse energy of 0.74 mJ
pumped by 11 mJ pulse energy at 1053 nm wavelength.48

It is interesting to note that OPCPA compared to Ti:sap-
phire-based CPA is, in general, less efficient in terms of
pump to signal conversion since Ti:sapphire systems operate
with conversion efficiencies of 30 to 40%.49 In addition, it is
worth noting that the required lasers to pump Ti:sapphire
are typically commercially available, Nd-based, master oscil-
lator power amplifiers (MOPA) providing high energetic
nanosecond pulses (5 to 10 ns). In contrast, OPCPA requires
extremely stable picosecond pump lasers with high peak
power. The performance of such pump lasers is the primary
limitation upon scaling of pulse energy and/or average power
in OPCPA systems.

2.3 Traditional OPCPA Architecture

The amplification via OPCPA of few-cycle pulses typically
follows the laser architecture21,23 as shown in Fig. 3 and
described in the following. The front-end of the OPCPA

Fig. 2 (a) Calculated parametric gain in dependence of the interaction length and the pump intensity.
(b) Scaled44 damage threshold45,46 of BBO in the femtosecond to nanosecond range.

Fig. 1 (a) Schematic of the noncollinear optical parametric amplification (NOPA) geometry showing the
geometry for pump, signal, and idler beam. (b) Laboratory picture of an optical parametric amplifier (OPA)
setup with the green pump beam visible aligned through a BBO crystal.37
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